We examined the kinetics of electrotropic curvature in solutions of low electrolyte concentration using primary roots of maize (Zea mays L., variety Merit). When submerged in oxygenated solution across which an electric field was applied, the roots curved rapidly and strongly toward the positive electrode (anode). The strength of the electrotropic response increased and the latent period decreased with increasing field strength. At a field strength of 7.5 volts per centimeter the latent period was 6.6 minutes and curvature reached 60 degrees in about 1 hour. For electric fields greater than 10 volts per centimeter the latent period was less than 1 minute. There was no response to electric fields less than 2.8 volts per centimeter. Both electrotropism and growth were inhibited when indoleacetic acid (10 micromolar) was included in the medium. The auxin transport inhibitor pyrenoylbenzoic acid strongly inhibited electrotropism without inhibiting growth. Electrotropism was enhanced by treatments that interfere with gravitropism, e.g. decapping the roots or pretreating them with ethyl-
Gravistimulation also alters membrane potentials within the root cap (1). Behrens et al. (2) reported that the symmetrical pattern of current flow around vertically oriented roots of Lepidium becomes asymmetrical upon gravistimulation with current flowing in the acropetal direction along the upper side of the root tip and in the basipetal direction along the lower side. These changes occur prior to the initiation of gravitropic curvature. Behrens and co-workers (1) also reported that gravistimulation causes rapid depolarization of statocytes on the lower side of the root cap.
The correlation between electrical changes and gravitropic curvature suggests the possibility that the curvature of roots in an electric field results from electrical changes within the root that mimic those caused by gravistimulation. This possibility is strengthened by recent reports that root electrotropism is suppressed by inhibitors of auxin transport (16) and that "gravitropic effectors" (substances capable of inducing curvature when applied asymmetrically to the tips of vertically-oriented roots) accumulate on the positive side of the tips of maize roots placed in an electric field (5) . In roots, electrotropic curvature is toward the positive electrode (5, 18) .
The goals of the research described in this paper are (a) to determine the kinetics of electrotropic curvature in maize roots, (b) to determine the role of the root cap in the electrotropic response, and (c) to reexamine the relationship between electrotropic curvature and auxin redistribution.
MATERIALS AND METHODS
It is well known that the direction ofgrowth of certain plant cells or organs can be modified by an applied electric field. This phenomenon, known as electrotropism or galvanotropism, has been reported in fungi (14) and algae (4) as well as in the pollen tubes (13, 19) , roots (5, 18) , and shoots (10, 18) of higher plants. The preferred direction of growth relative to the applied electric field varies with the type of cell or organ tested and, in some cases, is species dependent. In the case of pollen tubes, for example, growth may be either toward the positive electrode or the negative electrode, depending upon the species ( 13, 19) .
Interest in the electrotropic response of roots has intensified with the recent finding that gravistimulation changes the pattern of electric current surrounding the root tip (2, 3, 7) . ' Supported by National Aeronautics and Space Administration grant NAGW297 and by National Science Foundation grant DMB8608673 913
Plant Material
Caryopses of maize (Zea mays L. variety Merit, Asgrow Seeds, Vineland, NJ) were soaked in tap water overnight and planted between wet paper towels on opaque plastic trays. The trays were held vertically under fluorescent lights (Sylvania cool-white bulbs, approximately 5 gmol m2 s-).
Seedlings were used when the primary roots were 2 to 3 cm long (about 3 d after soaking). For experiments using decapped roots of maize, the caps were removed by inserting a surgical scalpel blade (No. 1 1) at the cap/root junction while viewing the root through a dissecting microscope. Some of the experiments were performed using pea seedlings instead of maize seedlings. Pea seeds (Pisum sativum, variety Alaska or mutant variety Ageotropum) were soaked in 42°C tap water for 3 h and then placed on wet filter paper in Petri dishes at room temperature under laboratory lighting. After 3 d, seedlings with straight roots 3 to 5 cm long were selected for Plant Physiol. Vol. 94, 1990 experimentation. Intact seedlings were mounted in the electrotropism chamber with roots submerged in distilled water for 1 to 2 h prior to adding 1 mm Mes and beginning the electrotropism experiments.
Measurement of Growth and Curvature
Growth and curvature were measured using a modified version of the video digitizer system described by Nelson and Evans (17) . Putty wrapped around the grain was used to attach maize seedlings to the inside front face of a clear plastic box (17 x 12 x 6 cm). root immersed in a buffered solution between two stainless steel plate electrodes (2.5 x 7.5 cm) in the plastic chamber described above. The electrodes were approximately 4 cm apart and the desired voltage gradient between the electrodes was applied using a regulated DC power supply (model PAB-O.AA, Kikusui Electronics Corporation, Japan). For most experiments the roots were submerged in 1 mm Mes buffer (pH 4.6-5.8).
Root Pretreatments
In some experiments the roots were pretreated with inhibitors prior to measuring electrotropic curvature. For these experiments the seedlings were mounted in the electrotropism chamber in the usual way. The indicated concentrations of inhibitors were added to the bathing medium 80 min prior to the initiation of electrotropic stimulation.
RESULTS

Effect of Field Strength on the Kinetics of Electrotropic Curvature
Figures 2 and 3 show the kinetics of electrotropic curvature for electric fields ranging from 6.3 to 63 V cm-'. The roots curved toward the positive electrode (anode), and the initial rate of curvature increased with increasing field strength. At low field strength (6.3 V cm-') there was initial weak curvature toward the negative electrode (Fig. 2) latent period of the response to field strengths ' 7 V cm-' (Fig. 3) .
Effect of Decapping on Electrotropic Curvature Since caps are known to be necessary for gravitropic responsiveness in roots (8) , and since gravity-induced electrical changes have been demonstrated in root caps (1), we examined the dependence of electrotropic curvature on the presence of the root cap. Using relatively low electric fields (2.8-10 V cm-'), we found that decapped roots responded more quickly (shorter latent period) and developed a greater final angle of curvature in comparison with intact roots (Table I and Figs. 3 and 4) . There was also a striking difference in the pattern of electrotropic curvature that developed in intact versus decapped roots. At a field strength of 5.2 V cm-', for example, intact roots began to curve toward the positive electrode but, after curvature of the root tip had developed, the apical portion of the root curved back down toward the vertical again, resulting in a root with an S-shape (Fig. 4) . We attribute the secondary downward curvature to activation of the gravitropic response upon displacement of the root tip from the vertical, perhaps coupled with a reduction in the difference in the electrical field along the two sides of the root as the root bends toward the horizontal. In the absence of the cap the roots continued to curve strongly toward the positive electrode, perhaps because no secondary gravitropic response is possible in the absence of the root cap. Although the tips of intact roots tended to remain oriented toward the vertical, electrotropic curvature toward the positive electrode continued within the elongation zone. Consequently, the rate of lateral displacement of the root tip (toward the positive electrode) was about the same in intact and decapped roots (Fig.  4) . Surprisingly, when the electric field was discontinued, the roots continued to curve strongly toward the position that had been occupied by the positive electrode during the period of electric field application (Fig. 4) . This was especially evident in decapped roots where curvature continued to increase for several hours after removing the electric field resulting in curvature of the roots past 90 degrees (data not shown).
Effect of EGTA on Electrotropic Curvature EGTA interferes with the gravitropic response of maize roots (1 1). To test the hypothesis that the greater electrotropic response at low field strengths in decapped roots results from inactivation of the gravitropic response by decapping, we examined the effects of EGTA on the electrotropic response of intact roots (Table I) . At a field strength of 7.5 V cm-', EGTA (0.1 mM) shortened the latent period (2.4 versus 6.6 min with and without EGTA) and increased the rate of curvature (1.7 versus 1.5 degrees min-' with and without EGTA). The differences between EGTA-treated and control roots became more pronounced at lower field strengths. For example, using a field strength of 6.3 V cm-', the latent periods were 3 min versus 13 min with and without EGTA while the rates of curvature were 1.5 versus 0.6 degrees minwith and without EGTA (data not shown). As a further test of the idea that the stronger electrotropic curvature of decapped versus intact roots is caused by the tendency of gravitropic curvature to counter electrotropic curvature, we compared electrotropic curvature in roots of normal peas (cultivar Alaska) and the agravitropic mutant "Ageotropum." We found that roots of the mutant were more responsive to electrotropic stimulation than roots of normal peas (Table II) . At a field strength of 7.5 V cm-', the latent period was about 3.5-fold shorter and the rate of electrotropic curvature was about 3.7-fold greater in the mutant than in the normal cultivar. The difference in electrotropic sensitivity was even more striking at a field strength of 5 V cm-'. At this field strength roots of the mutant curved strongly toward the positive electrode while roots of normal pea showed no curvature (data not shown).
Effects of IAA and Pyrenoylbenzoic Acid on Electrotropism
Although the mechanism of root gravitropism is poorly understood, there is correlational evidence that the differential elongation causing curvature results from stimulus-induced redistribution of auxin across the root (15, 20) . In order to investigate whether electrotropic curvature is auxin dependent, we measured electrotropism in roots submerged in IAA (10 ,uM) or in the auxin transport inhibitor PBA (2 ,uM) . PBA is a potent inhibitor of auxin transport and root gravitropism (9) . Treatment of roots with either IAA or PBA resulted in strong inhibition of electrotropism (Table I ). The inhibition of electrotropism by IAA was accompanied by strong inhibition of growth. In contrast, PBA inhibited electrotropism without inhibiting growth. DISCUSSION When high field strengths are used in electrotropism experiments, problems may arise from generation of electrolytes along the electrode surfaces. Generation of electrolytes at the electrodes will lead to changes in electrode potentials as the electrode surfaces are altered. Also, as gradients ofelectrolytes form, it becomes difficult to separate the effects of these gradients from direct effects of the electric field. This problem is especially significant if electrotropism is studied along a solid medium such as agar or paper instead of in a stirred aqueous medium. There is also a problem associated with the use of liquid media with high conductivity. In such solutions large currents will flow through the medium making it difficult to separate the effects of current density from the direct effects of the applied electric field (voltage gradient). When we tested electrotropism in solutions of higher conductivity (e.g. 1 mM KCl plus 0.5 mm CaCl2), initial electrotropic curvature was strong but growth was soon inhibited and curvature ceased.
In order to minimize these complications we applied low voltages using plate electrodes immersed in a stirred medium containing a low concentration of electrolytes (1 mM Mes). Under these conditions, the roots curved toward the positive electrode. Curvature tended to be greatest in those roots nearest the positive electrode (data not shown), indicating that the response is to the electric field rather than to current which should be the same throughout the medium. Under the conditions of these experiments, both the rate of curvature and the latent period were dependent upon field strength. The rate of curvature increased while the latent period decreased with increasing field strength.
Our data indicate that, unlike gravitropism, electrotropism does not depend upon the root cap. In fact electrotropism was enhanced in decapped roots. We also found that EGTA, a substance known to interfere with root gravitropism (1 1), enhanced electrotropism. These results contrast with a recent study indicating that EDTA inhibits electrotropism in maize roots (12) . However, in that study the roots were pretreated for 4 h in a high concentration (10 mM) of EDTA prior to long-term electrotropic stimulation. Long-term exposure to high levels ofEDTA inhibits maize root growth (1 1). Although no data on growth were included, it is apparent that the growth of the EDTA-treated roots was severely inhibited (see Fig. 1 of ref. 12) .
As further evidence that electrotropic sensing is separate from gravitropic sensing, we found that roots of the agravitropic pea mutant Ageotropum were more sensitive to electrotropic stimulation than roots of normal peas. It seems likely that the enhancement of electrotropism by treatments that interfere with gravitropism results from reduction of the gravitropic tendency to keep the root in a vertical (straight) position as electrotropism tends to induce curvature.
Our results indicate that the sensors of gravitropism and electrotropism are different. Roots incapable of gravitropism show strong electrotropism. Although the sensing mechanisms of gravitropism and electrotropism appear to be different, the motor mechanisms may be the same. Gravistimulation leads to membrane potential changes within the root cap (1). We expect that the electric fields used here also induce changes in membrane potential in the cells of the root, although the exact nature ofthese changes is difficult to predict. However, it is clear that membrane potential changes within the cap cannot be the signal initiating electrotropism because electrotropism is enhanced in decapped roots.
In a recent study using mung bean roots, we found that gravistimulation induces hyperpolarization of intracellular potentials along the upper side of the elongation zone and depolarization in cells along the lower side of the elongation zone (6) . This suggests the possibility that differential growth may be linked to membrane potential changes in both gravitropism and electrotropism.
Although we cannot explain how the rate of cell elongation might be tied to the extent of membrane polarization, our data indicate that auxin might play a role in the ultimate establishment of the differential growth pattern. We found that electrotropism was strongly inhibited by auxin. This would be expected if a field-induced gradient of auxin were required for electrotropic curvature. However, since auxin inhibits root growth it is difficult to separate auxin effects arising from inhibition of growth from effects resulting from prevention of auxin asymmetry across the root. Perhaps more significant is the finding that the auxin transport inhibitor PBA reduced the rate of electrotropic curvature by more than 50% and extended the latent period more than 15-fold without affecting the rate of elongation. These data are in agreement with the finding of Moore et al. (16) 
